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The  explosive,  bis-trinitroethyl  adipate  (BTNEA),  was  isotopically  labelled  in 
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observed  proJucts  are  compared  to  those  calculated  with  a thermodynamic-hydro- 
dynamic concuter  code.: 
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ABSTRACT 

The  explosive.  bis-trinitroethyL  adipate  (RTSibA) , was  isc.opically 
labelled  in  such  a manner  as  to  provide  information  on  how  an  explosive 
breabs  up  during  the  detonation  process.  The  material  was  fired 
detonation  calorimeter  giving  product  composition  and  heat  release  that 
are  rec.esent.nive  of  the  isentronic  expansion  of  the  detonation  rro  ■ 
ducts,  isotope  ratios  observed  in  the  detonation  products  were  compned 
to  these  in  the  original  explosive.  The  observed  products  are  compared 
to  those  calculated  with  a thcrmofynam.c-vydredvnaric  computer  :"de. 


The  Chapman- Jouget  (C-J)  theory  of  detonation  envisions  a rapid  re- 
action  (10-10  sec)  usually  going  from  a rather  complex  organic  molecule 
to  a mixture  simple  gaseous  product  molecules.  The  question  as  to  whether 
this  process  occurs  by  an  almost  simultaneous  breaking  of  all  of  the  bonds 
of  the  reactant  molecule  fol’owed  by  a randomized  recombination  of  atoms 
to  form  the  product  molecules  or  by  a process  which  retains  some  struc- 
tural features  of  the  reactant  molecule  has  not , to  our  knowledge,  addressed 
experimentally.  (The  former  process  would  require  extensive  atomic  diffu- 
sion; the  latter  either  a retention  of  certain  bonds  or  a rapid  combination 
of  atoms  in  near  proximity  to  each  other'.  This  study  used  an  isotopically 
labelled  explosive  to  distinguish  between  the  two  mechanisms. 

The  explosive  molecule  designed  for  the  experiment  was  bis-triiutro- 
ethyl  adipate  (BiNEA),  Fig.  1.  This  compound  was  chosen  because  it  contains, 

NO.  0*  0*  NO, 

i ' ".  «.  * 

0 N-C-QL-O-C  -CH,-CH,-CH,-CH,-C  -0-CH--C-N0, 

■L  j Z,  L dm  Z a.  4.  | «. 

N02  no, 

BTNFA 

Fig.  1 

within  its  structure,  essentially  preformed  molecules  of  CC  and/or  CO,. 
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The  BTNFA  was  synthesized  with  isotopic  labels  (C  and  0 ) at  the  posi- 

tions indicated  by  asterisks,  (Fig.  1.),  i.e..,  the  ester  carbonyl  moiety. 

If  all  or,  at  least,  a high  percentage  of  the  C and  0*  appear  in  the 
CO  and  CO^  products,  one  must  conclude  that  where  an  easy  mechanism  to 
stable  products  is  present,  some  structural  features  of  the  reactant 


explosive  are  retained  and  that  atonic  diffusion  is  minin'- zed.  A statisti- 
cal scrambling  of  the  isotopic  labels  into  all  of  the  C-  and  0-  containing 
product  species  would,  on  the  other  hand,  be  consistent  with  extensive  atomi 
diffusion  and  randomization  of  atoms. 


EXPERIMENTAL 


Tfte  labelled  B7NEA  was  prepared  by  basic  hydrolysis  of  labelled 
adiponitrile  with  labelled  H^O  followed  by  esterification  of  the  resulting 

4. 

adipic  acid  with  2,2,2-trinitro  ethanol.  The  adiponitrile  was  prepared 
fro®  1,4-dibromobut.ane  and  sodium-C'  -cyanide  (90%  isotopic  labelling) 
by  standard  techniques.  The  hydrolysis  was  carried  out  as  follows: 

A SO  ml,  single  necked  round  bottom  flask  was  charged  with  10  ga  of 
H^O  (95%  isotopically  pure)  and  cooled  to  ice  b-^th  temperature.  2.S 
ga  of  Na  metal  (freshly  cut  under  N?  and  kept  under  hexane  during  addition) 
was  added  in  small  pieces.  The  pieces  of  Na  were  added  one  at  a time, 
allowing  the  reaction  to  come  to  completion  between  additions,  through  the 
reflux  condenser.  The  labelled  adiponitrile  was  then  added  (2.89  gm, 

26.3  mmoles).  A small  amount  of  dry  glyne,  ethylene  glycol  dimethyl  ether, 
(less  than  1 ml)  was  used  to  wash  out  the  flask  that  contained  the  adipo- 
nitrile and  this  was  also  added  to  the  reaction  flask.  The  reaction  was 
then  refluxed  for  24  hrs.  (Ammonia  evolution  ceased  after  about  16  hrs> - 
After  completion  of  the  reaction,  dry  HC1  gas  was  bubbled  through  the  re- 
action mixture  for  10  minutes  to  assure  neutraii cation  of  the  NaOH.  About 
10  ml  of  dry  CH^CX  is  used  to  wash  out  the  condenser  and  bubbleT.  and  the 

IS  1 «s 

solvents,  CH.CN  and  H_0  , are  stripped.  (Approximately  50%  of  the  H,0*' 

can  be  recovered.)  The  solid,  N’aCl  and  the  labelled  adipic  acid,  remains 

in  the  reaction  flask.  To  these  are  added  14  gm  (?g  snoles)  of  2,2,2-tri- 

nitroethanol  and  20  ml  of  trif luoroacetic  anr.ydri  le.  The  flask  is  fitted 

with  a drying  tube  and  stirred  at  ambient  temperature  for  one  hour.  The 

reaction  mixture  is  then  poured  into  75  ml  of  iced  1.5  X solution, 


stirred  for  about  20  min.  filtered  and  dried.  The  product  is  recrystallized 
fro*  methanol -water  and  dried.  Yield  - 9.40  ga.  (75%  from  cne  nitrile), 
ap  - 87-88°C.  Mass  spectral  analysis  showed  that  86.3%  of  the  carbonyl  car- 
bon was  Carbon-13  and  62.6%- of  the  carbonyl  oxygen  was  oxygen-18. 

The  detonation  and  product  analysis  were  performed  using  procedures 
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which  have  been  previous 'y  described.  * (These  procedures  yield  detona- 
tion products  triiich  are  characteristic  of  those  found  -»n  the  Chapman- Jouget 
(C-J)  isentrope  (Table  1).)  The  labelled  BTNEA  was  detonated  as  cylindrical 
charge  6.35  hr  in  diameter  and  was  heavily  confined  in  a gold  cylinder  with 
a wall  thi-kness  equal  to  the  charge  diameter.  For  co^arison,  detonation 
ctlorimetry  and  product  analyses  of  unlabelled  BTNEA  were  performed  in 
charge  diameters  of  6.35  ®a  and  12. am  (Tables  162). 

The  analysis  of  the  gaseous  detonation  products  was  performed  as  pre- 
(1  '’l 

viouslv  described^  with  two  exceptions:  (1)  All  of  the  analyses  were 

done  by  au-ss  spectroscopy,  and  (2)  the  C07  was  separated  from  the  other 
gases  in  the  labelled  experiment  only.  This  was  done  to  facilitate  the 
deters? nation  of  isotope  ratios.  The  isotopic  analysis  of  the  scl;<!  carbon 
was  performed  by  combusting  i?  to  CO.,  and  analyzing  the  C0^  by  spectro- 
scopy. 

The  C * ^ enriched  sodium  cyanide  was  obtained  frost  Mere!  and  Co.,  Inc. 

18 

The  0 enriched  water  was  obtained  from  Mound  Laboratories.  These  mater- 


ials were  used  as  obtained. 


TABLE  1.  Comparison  of  Calculated  C-J  Isentrope  Products  with  Products 
Observed  froa  Detonation  of  Heavily  Confined  Charges  of  5TNEA 


Moles  per  sole  of 

BTXEA 

Products 

Observed 
Heavily  Confined 

Calculated  for  the 
C-J  Isentrope3 

(12.7  sa  dia.) 

1469°K 

1863°K 

H20(ei 

4.25  ♦ .04 

4.19 

1 5.60 

i 

C0„ 

*• 

4.07  ♦ .01 

4.63 

4.13 

CO 

3.58  ♦ .04 

2.54 

2.02 

% 

4.  t 

2.70  «•  .02 

! “*  1 

2.98 

2.98 

CH- 

4 

0.13  ♦ .01 

0.81 

0.15 

nh3 

0.37  ♦ .04 

0.04 

0.0J 

H2 

0.73  ♦ .01 

0.12 

0.04 

HC\ 

0.06  + .006 

I 

Not 

Allowed 

Not  Allowed 

C(s) 

1 

2,16  ♦ ,04  i 

i 

2.01 

i 

5.6*5 

Isentrope  calculated  using  TIGER  computer  code  and  BKX  equation  of  state. 


TABLF  2.  The  Heat  and  Products  of  Detonation  of  Heavily  Confined  BTN'FA 


u,b 


Unlabelled 

Labelled 

Charge  diameter  (mra) 

12.7 

6.  55 

t K .o 

Weight  fgp.) 

23 

5 

3.P 

Density  I'gm/cc) 

1.59 

1.5' 

1.5* 

If  Detonation*'  (Cal/gm) 

1148  ♦ 10d 

Not  Determined 

\‘ot  Uetenrined 

Products  fmole/mole  BTNFA) 


v^fl) 

4.25 

♦ 

.04 

4.32 

♦ 

.06 

4.41 

CO, 

4.<T 

4* 

.01 

3.94 

4. 

.04 

3.80 

IT- 

3.58 

+ 

.0.: 

3.38 

+ 

,03 

-.b-7 

X, 

2 ~0 

* 

.n: 

2.69 

4 

.0] 

2.59 

e 

rs) 

2.  if 

♦ 

.04 

2.00 

4 

.02 

2.3" 

H: 

0.73 

— 

. oj 

n.  7Q 

4 

.03 

r.  -»  1 

Vi 

0.37 

4- 

.04 

n iq 
* • «.  . 

♦ 

.06 

o.  72 

rum 

0.13 

4 

.o! 

t .12 

4. 

.0’ 

OJI 

pt\ 

0.06 

-4- 

.01 

0.06 

“ + 

✓ . 7 

or  ^ 

- i!C  ' cnl/gnO  Calculated 

fro *r  Products 

im 

♦ 

2° 

;i~i 

* 

. * 

’•fiteri.il  Balance  ''Mo  1 e ’ 

Cec; re  1) 

"3.3 

- 

C A _ 

A 

> •* 

* 

H 

9"'.  2 

a 

j 

‘.>7.0 

4 

s 

i 

V 

0*.  1 

* 

. 5 

.6 

*. 

! ..6 

C 2 J 

* 

>0.0 

■*. 

.4 

1^.5 

4 

0*1  ] 

Footnotes  - Table  2. 


a.  Cylindrical  charges  confined  in  gold  cylinders  of  wall  thickness  equal 
to  the  charge  diameter. 

b.  Results  corrected  for  0.22  gm  of  PETS'  in  the  initiation  system. 

c.  H,C  (i)  at  298°K. 

d.  All  errors  are  twice  the  estimated  standard  deviation  of  the  mean  and 
are  based  in  part  on  the  results  of  other  explosives  for  which  more 
than  duplicate  experiments  were  run. 

e.  Determined  by  difference. 

f.  Does  not  include  Cf  see  footnote  e. 

) 

g.  Because  of  cony li cations  due  to  separation  to  facilitate  isotopic  analysis, 
these  values  are  not  deemed  as  accurate  as  those  on  the  unlabelled  material. 


Table  3. 


Isotopic  Ratios  in  BTNEA  and  its  Detonation  Products 


C‘2/C15  Ratio 

°‘ V Ratio 

Label  led 

BTNEAa 

4.63 

uas 

Products 

H,0 

- 

16.5^ 

CO, 

4 69 

11.40 

CO 

4.78 

11.19 

Cfs) 

4.60 

- 

CH4 

4.33 

“ 

a.  Isotopic  ratios  are  based  on  calculated  isotopic  purity;  see  ••cursxor 

b.  The  water  was  not  analyzed  for  sone  time  after  the  completion  of  the 
othc’"  analyses  and  probably  was  contaminated  by  atmospheric  oxygen. 
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RESULTS  AND  DISCUSSION 


The  model  compound  for  this  study,  bis- trinitroethyl  adipate  (BTNEA), 
was  synthesized  in  such  a way  as  to  introduce  CO  and  CO?  moieties  labelled 

I 7,  10 

with  C ' and  0 . The  product  analysis  was  designed  to  determine  if  these 

structures,  preformed  in  the  explosive  molecule,  were  retained  in  carbon 
monoxide  and  carbon  dioxide  of  the  detonation  product  gases.  In  order  for 
the  experiment  to  be  valid,  two  criteria  must  be  met.  First,  it  must  be 
established  that  the  isotopic  labels  are  introduced  into  the  molecule 
at  the  desired  positions..  Secondly,  it  must  be  established  that  the 
collected  product  gases  are  representative  of  the  iseritrope  through  the 
C-.J  state. 

The  first  condition  was  established  by  the  macs  spectra!  analysis 

of  the  labelled  BTNEA.  The  explosive  is  not  stable  enough  to  give  a 

parent  peak.  The  highest  mass  found  is  the  P-1S0  peak  due  to  a loss  of 

the  trinitrocthoxy  moiety.  This  results  in  a peak  at  m/e  of  Z?2  for  un- 

labelled  RTNFA.  This  fragment  (r/e  = 2^2)  than  undergoes  a metastablr 

loss  of  CD  to  give  a fragment,  ip  the  un labeled  material,  of  m/e  - 26*.. 

This  264  fragment  undergoes  a further  ~ctastable  loss  of  NO.,  to  give  a 

peak  at  m/c  - 21S.  Statistic,": analy«i«  of  the  isotopic  peaks  related  to 

the  2°2  and  2l*<  fragments  in  the  mass  spectrum  of  the  labelled  material 

snow  that  between  96  and  9°?-  of  the  molecules  contain  some  isotopic  label; 

1 3 

that  between  and  R6"  of  the  caruonyl  carbons  are  C ; that  62.1  to 

i S 

62.6''  of  t'e  carbonyl  oxygens  are  0 ' and  that  between  .12  and  14°  of  the 

| « ^ ^ 

carbonyls  contain  both  C,  ar..-'  r*‘  . TW*  isotopic  peaks  related  to  m/e  = 
2e4  were  rot  nsfO  in  the  analysis  because  if  complicating  factor  of  a 
los-.  HfO  from  the  m/e  - 2^2  fragment. 


The  second  condition  was  established  by  comparing  the  observed 

detonation  products  with  the  products  predicted  for  the  C-J  isentrope 

between  about  1500°K  and  1S0C°K  (Table  1).  A detailed  discussion  of 

the  significance  of  this  temperature  range  has  been  presented.'  ’ } 

(31 

The  isentrope  was  generated  using  the  TIGER  computer  codev  with  the 
BKK  equation  of  state  with  TNT  parameters. The  computer  calculation 
used  thermodynamic  data  from  the  JANAF^  tables,  co-volume  factors 
based  on  as  UD  hard  sphere  model  with  molecular  parameters  fro®  Ref  6 
(6-12  potential)  and  a heat  of  formation  for  of  ♦ 8.5  Kcal/mole. 
The  heat  of  formation  of  BTNTiA  was  estimated  as  -196.5  Keal/mole.  It 
can  be  seen  fro®  Table  1 that  the  observed  products  are  in  good  agree- 
ment with  those  predicted  for  the  isentropic  expansion  through  the  C-J 
state. 

The  results  of  the  isotopic  analysis  are  shown  in  Table  3.  If  the 
structural  features  of  the  molecule  are  retained,  one  would  expect 
values  for  the  C*“/C*  ratio  to  be  3.79  for  both  CO  and  CO^  2nd  that  no 

i 3 

C*  would  be  found  in  the  methane  or  solid  carbon.  Likewise  one  would 
18  16  1 8 

expect  no  0 in  the  water  and  a 0 '/0A°  ratio  of  6.4  for  the  CO^  and  5 
for  the  CO.  If,  however,  scrambling  is  statistical,  one  would  expect 
to  find  that  t’*e  isotonic  ratios  in  each  of  the  products  would  bt  the 
same  as  the  ratio  in  the  parent  explosive.  The  observed  ratios  listed 
in  Tabic  3 are  entirely  consistent  with  complete  scrambling.  Of  specia 

i - ] - 

significance  arc  the  C'~/C  ratios  for  solid  carbon  and  moth arc  and 
1 6 1 8 

the  0 /0*‘  ratio  for  water. 

It  can  therefore  be  concluded  that  the  hypothesis  of  complete 
random* car  ion  of  atoms  during  the  detonation  process  is  conclusively 


li 


supported  by  experiaent.  Such  a process  is  consistent  with  the  dynamic 
chemical  equilibrium  assumed  for  the  Chapman- Jouget  state  and  for  the 
i^er.tropic  expansion  of  the  detonation  produc. 


1 ** 


Acknowledgements:  The  authors  wish  to  express  their  thanks  to  Dr.  R.E. 

Cochoy,  Air  Force  Materials  Laboratory,  and  to  Mr.  Milton  Finger,  Mr.  Ed 
Catalano  and  Dr.  Ed  Lee  of  LLL  for  their  help  in  the  accomplishment  of 
this  investigation. 


REFERENCES 


1.  D.L.  Omellas,  J.H.  Carpenter  and  S.R.  Gunn;  Rev.  Sci.  Ir.strtaa. , 17, 
907  (1966). 

2.  D.L.  Ornellas;  J.  Phys.  rhea. , 72,  2390  (1968). 

3.  W.  Zwisler  and  M.  Cowperthwaite,  Stanford  Research  Inst.  Private 
Comatmication. 

4.  C.  Mader;  Los  Alamos  Scientific  Laboratory  Report,  LA-2900  (1963). 
Available  through  National  Technical  Information  Service.  A detailed 
iiscussion  of  these  parameters  has  been  presented  by  M.J.  Kamlet,  S.J. 
Jacobs,  J.  (Them.  Phys.,  48,  23  (1968). 

5.  JANAF  Thermochemical  Tables,  Thermal  Research  Laboratory,  The  Dow 
Chemical  Co.,  Midland,  MI,  H.  Prophet,  Project  Director. 

6.  J, 0.  Hirschfelder,  C.F.  Curtiss,  R.  ?.  Bird,  Molecular  Theory  of  Gases 
and  Liquids,  John  Kiley  Son,  Inc.,  NY. 


